Among the plausible explanations is the visualization of sensitive molecular bonds, as for instance SH-bonds', 1,6). These bonds may rapture during irradiation and trigger a set of reactions which may evoke membrane dysfunction, leading to metabolic imbalance. Interphase cell death during acute irradiation has been attributed to such a cascade of events2''). Membrane carrier proteins may be regarded as thinkable targets. In view of the fact that protein molecules constitute 60% by mass of all cytoplasmic membranes'' 3), one may expect to detect radiation-induced lesions in this compartment. We chose to determine the transport ability of two membrane carrier-proteins viz. those for D-glucose8' 9) and glycine1°) . It is known that these two substances are transferred across the cytoplasmic membrane by the respective carrier proteins (facilitated diffusion), which depends on carrier to substrate stereo specificity. This study which in part is a follow up of the two preceeding papers, reports on the trans port-kinetics of D-glucose and glycine in irradiated diploid fibroblasts (HDF). Although the questions addressed here are primarily radiobiological, special interest is maintained towards ascertaining analogies reported for the same measurements (D-glucose) during the course of in vitro senescence12). In the latter case, the objective was to test the Orgel Theory of aging 13) using this system. In this connection, the aim here was to see if acute irradiation resulted in the production of defective carrier proteins, thus, affecting the transport ability of lite systems in question. Radiation-induced derangements in transport ability due to defects in the stereo specificity of the protein carrier molecule could result either through direct effects on the carrier molecules or indirectly through infidelity in protein transcription. To check on both possibilities, estimations to characterize the efficiency of the system (Vmax and KM) were carried out soon after irradiation and at time-intervals thereafter, allowing for complete mem brane turnover. Parallel measurements with glycine were done not only as a further check pertaining to the same question, but also to permit better appraisal of membrane permeability post-irradiation, paying particular attention to the non-saturable components (KNS). The results are discussed from the point of view of membrane turnover and radiation-induced cellular hypertrophy (which incidently also accompanies cellular senescence in culture).
MATERIAL AND METHODS
Confluent Phase II cultures (see 11, 12) were used in all experiments. Single batches of cell cultures were grown for each series of experiments. The kinetics of glucose and glycine uptake were checked for the batches of cultures. Cultures were irradiated at different doses ranging from 1 to 5.103 Gy which comprised two dose-groups. The first group received 1 , 5, 10, 30, 50 and 100 Gy which permitted cell survival over several weeks post-irradiation . The second group received 2.103 and 5.103 Gy which did not permit comparable cell survival . Measurements of D-glucose and glycine transport, respectively, at each dose took place soon after irradiation and at intervals of several days to weeks post-irradiation (p .r.). This was pre sumed to enable estimation of direct and indirect p .r.-effects, the latter possibly resulting from impairment in the synthesis and/or assembly of cell membrane components during mem brane turnover and in p.r. cellular hypertrophy.
HDF Cultures
The strain of HDF and conditions for culture have been described in detail in preceeding papers", 12) The HDF are commercially available (Flow 2000 for in vitro characteristics and radiosensitivity (see 11) and were maintained in Eagle's minimum essential medium (MEM) supplemented with 12% foetal calf serum (FCS), non-essential amino acids , penicillin (100 I.U./ml), sterptomycin (100 µg/ml) and 2.2 g/1 NaHC03. Medium was freshly prepared and adjusted to pH 7.4 before use. Cultures were incubated at 37°C in air having 5% CO2 and full humidity. Growth medium (0.3 ml/cm2 growth area) was replaced with fresh medium twice weekly. Periodic screening for Mycoplasma contamination was carried out by the method of double labelling with 3H-uracil and 14C-uridine14). Uridine/uracil rations of over 400 were consistently obtained. The cultures were therefore regarded as non-contaminated.
Irradiation of Cultures
Confluent HDF cultures were irradiated with the over-lying culture medium and 5% C02-air atmosphere at room temperature. For doses up to 102 Gy an X-ray machine (Muller MG 300) was used. Radiation characteristics were: 250 kV, 12 mA, HLV 
Transport Measurements
Detailed description of the silicone-oil-filter-centrifugation technique'') as adapted for transport studies in cultured HDF has been reported in a previous paper18). Briefly, the cells were detached from the culture flasks with 0.2% trypsin (Serva, 1:250) dissolved in a salt solution containing 137 mM NaCl, 5.4 mM KCI, 4.8 mM NaHCO3, 20 mM HEPES, 0.1 mM EDTA and 0.001% phenol red as a pH indicator. The final pH was adjusted to 7.4 at 20°C. Cultures were washed thrice with the salt solution before trypsin was applied. The detached cells were brought into single cell suspension in 10 ml of the same solution. A small aliquot was taken for counting in Neubauer chambers, under a phase contrast microscope. Calcula tions were based on the numbers of apparently intact cells. The interval between cell detach ment and the beginning of transport measurements was regularly about 30 mins. Before adding either of the respective` substrates (14C-D-glucose and 14C-glycine) whose kinetics of uptake were to be measured, the HDF suspensions were equilibrated with 3H-water. Incubation with the substrate was terminated by centrifugation of the cells through the silicone oil layer into perchloric acid. The activities of 14C and 3H in the sediment and stock sample were measured. The 14C-activity in the sediment was corrected for the extracellular space (vide infra). This enabled expression of glucose uptake per pl cell space. All measurements were performed at 20°C.
Estimation of Cell Space
Cell Space was determined by measuring the total 3H-water space in the sediment and subtracting from it the extracellular space (adherent pericellular medium plus debris) . Correc tion was achieved (a) by measuring the '4C-inulin space 18) and (b) by measuring 14C -glucose uptake within the linear range and interpolating graphically to time zero . This value indicates the amount of glucose present in the extracellular space and thus allows calculation of this space18). The amount of '4C-inulin found in the sediment remained constant with increasing incubation time. Procedures (a) and (b) gave concurrent values for the extracellular space .
Determination of the Non-Saturable Component
The total uptake of the respective substrates were resolved into carrier mediated and non carrier mediated components. The latter also designated as the non-saturable component is attributed to unspecific diffusion. The non-saturable component was ascertained graphically. To achieve this end, the plot s/v against s was utilized, where v = initial uptake rates and s = substrate concentrations. Plotting s/v against s reveals the participation in uptake-rate of any non-saturable component as a visible deviation from linearity (the regression line obtained for the initial carrier-mediated uptake-rates was extrapolated for higher substrate concentra tions). This deviation increases at higher substrate concentrations.
Rad ioassays
All radioactive substances were purchased from Amersham-Buchler, Braunschweig, and were used with the specific activities indicated: 3H-water (74 kBq/mmol); '4C-inulin (mean mol. wt. 5000, 2.8 GBq/mmol, 0.2 to 0.7 mM); 14C-D-glucose (uniformly labelled, 18.5 GBq/ mmol) and '4C-glycine (3.7 GBq/mmol). The tips of the polypropylene centrifuge tubes con taining the denatured cell pellets were cut off and dropped into vials containing a mixture of scintillators (Instagel). Counting was done in a two-channel Packard liquid scintillation counter with correction for quench.
RESULTS

D -glucose and Glycine Uptake Kinetics
In studies on enzyme kinetics, the efficiency of a carrier-mediated transport event is characterized by determining the Michaelis-Menten constant (KM) and the maximal trans port-rate (Vmax) for varying concentrations of the substrate (s). Glucose and glycine are, respectively, examples of a sugar and an amino acid which are taken up by cells via carrier mediation. The transport system of D-glucose g) has been better defined than that of glycine'o) Transfer of these substances across the cytoplasmic membrane may in individual cases be complemented by simple diffusion, which usually accounts for only an insignificant to minor portion of the total uptake in the case of glucose. The diffused fraction in the case of glycine is usually higher.
Figs. la, b, c and 2a, b, c, respectively, characterize graphically the two enzyme systems responsible for the intracellular accumulation of D-glucose and glycine. Fig. 1 a indicates the kinetics of initial uptake for D-glucose at substrate concentrations ranging from 1 mM to 20 mM. At 1 mM, linearity was maintained up to 20 secs. Linearity held on longer (up to 60 sees) at 20 mM. Longer linear uptake at higher concentrations is due to the corresponding increase in time required to reach equilibrium. As extrapolation of the linear part of all three curves in Fig. l a to time zero leads to the origin, the linear part is considered to indicate true initial transport kinetics. Based on these curves all forthcoming measurements to deter mine KM and Vmax were performed incubating cells for 10 secs with the substrate in order to assure that the measurements dealt with initial kinetics. Thus Fig. lb shows the typical hyper bolic curve for initial uptake-rates at increasing concentrations of D-glucose. Plotting s/v against The constant for non-specific diffusion (KNS) can then be calculated. The non-saturable component for glucose is insignificant at low concentrations and 5% at 10 mM.
Figs. 2a, b, c demonstrate the corresponding measurements for glycine. The uptake of glycine is not as rapid as that of glucose. Furthermore, the linear part of the curves (Fig. 2a) are not as clearcut as those for glucose. The glycine carrier-system as stated by other authors 10) is not clearly defined. Guided by the curves in Fig. 2a , all forthcoming measurements were performed after 1 min. incubation. In contrast to glucose, the non-saturable component is here evidently substantial (around 40% at 50 mM). It is due to this attribute that glycine was considered an appropriate substrate which could simultaneously enable the detection of mem brane inadequacies which might be expressed in the form of enhanced non-carrier mediated accumulation of the substrate (higher KNS). 
Carrier Efficiency after Irradiation: Immediate Effects
Measurements of the relative efficiencies in the transport of D-glucose as well as glycine in irradiated versus non-irradiated HDF were performed soon after irradiation (within 30 mins.) and are regarded in this context as immediate or direct effects as the amount of mem brane turnover within this span of time is presumed to be negligible. The efficiency of the carrier molecule is judged by its affinity to the substrate (KM) and its maximal rate of transfer (Vmax). Table 1 summarizes the values of KM and Vmax obtained for glucose after exposure to radiation at the lower dose-range. No significant difference is noticeable between the differ ent groups. The binding-affinity and maximal transfer-rate remain unchanged. The correspond ing measurements for glycine (Table 2) showed no changes for Vmax. In the case of KM higher fluctuations were recorded as compared to that for glucose. This is, however, very likely of no real significance and is attributed to experimental error. This aspect shall be discussed later. The fluctuation measured for the non-saturable component (KNS) are also regarded as lying within the range of experimental errors. It may, therefore, be said that doses up to 100 Gy did not induce any acute or immediately measurable detrimental effects in the two systems.
When the dose was raised by one order of magnitude or more, then acute effects became evident. Fig. 3 with the inset table depicts this point. The plot s/v against s for the two dose ranges shows distinctly that the kinetics of D-glucose uptake was not impaired to any note worthy extent up to a dose of 100 Gy. Exposure to 2.103 and 5.103 Gy, however, precipitated a conspicuous effect. The affinity of binding of the carrier, as indicated by KM remained throughout unaltered, while at the higher dose-range it was only the capacity of the maximal transport-rate (Vmax) which was drastically diminished to nearly half that of the control. Consistent linearity in all cases indicates that glucose transfer was predominately carrier mediated, the non-saturable component remaining insignificant even at the highest employed dose. Carrier Efficiency after Irradiation: Delayed Effects HDF which were irradiated at the higher dose-range (2.103 and 5.103 Gy) began to de generate within a day after irradiation. Transport measurements performed at intervals span ning a few days to weeks were, therefore, restricted to cultures which were irradiated up to Measurements in this case were performed on days 3 and 7 and were completed up to 100 Gy. The values for KM and Vmax obtained for the treated cultures did exhibit some deviation from the normal range. These deviations were, however, not consistent but merely fluctuated into and out of the normal range and are, therefore, not considered significant. The just of the findings from these two figures is that KM and Vmax as a function of dose did not alter also several days post-irradiation. The implications shall be discussed. It was shown that the usage of glycine permitted convenient estimation of the non-satu rable component (KNS) in this system. It was, therefore, interesting to know if irradiation might cause increase in the amount of non-carrier mediated uptake attributable to simple diffusion. The KNS was determined for this series of glycine experiments as is depicted in Fig. 6a vis-a-vis the normal range. It is clearly seen that the KNS remained within normal limites.
The only perceivable change within the dose-range up to 100 Gy was in cell volume. This is illustrated in Fig. 6b which gives the values obtained for cell space per 106 HDF. The cells hypertrophied soon after irradiation and this induced hypertrophy continued up to the end of the measurements which was on day 7 post-irradiation.
DISCUSSION
Comments on Methodology
Direct measurement of D-glucose initial uptake kinetics is a technical challenge because of the rapidity at which such measurements have to be performed before saturation is reached. It is for this reason that studies pertaining to this have usually employed analogues of glucose which are slowly metabolized. The use of analogues is based on the assumption that the sub stances are transported by the same carrier and may, therfore, be debatable. The technique employed here is free of such reproach and the data presented in Figs. 1 and 2 attest meth odological reliability. Despite the reliability of the technique, we concede to the effect of irradiation on the functional integrity of two membrane carrier systems. In this regard, calculations based on unit surface area offers a sound parameter, as the transfer capacity with respect to surface allows better interpretation of the functional status of the carrier molecules.
The Vmax was altered in only one case. HDF exposed to very high doses of irradiation (2.103 an 5.103 Gy) showed reduced transport capacities. As this change was detectable soon after irradiation, the effect was inferred to be on the carrier. As the affinity for binding, KM, remained constant in every case, explanation of the reduced Vmax in this particular case necessitates systematic analysis as to the integrity and/or availability of the carrier molecule to the substrate. Neither of these questions can be answered here. Nevertheless, a speculative discussion is justified. It is possible that at the dose range employed and higher, carrier mole cules become inactivated in an all-or-nothing fashion, and that functional inactivation is achieved only when sensitive intra-molecular sites become knocked out, leading to denaturation or just loss in stereo-specificity. The other possibility is that the molecules remained intact, but their availability to the substrate was reduced as a result of changes (temporary or other wise) in the configuration of the cytoplasmic membrane or even of the glycocalyx, leading to poor exposure of hte carrier to the substrate.
Radiation Induced Hypertrophy
Increase in cell volume after acute exposure to ionizing radiations has been observed", 20) The exact reason accounting for this phenomenon has, to our knowledge, not been convinc ingly demonstrated. Among the possible explanations are, derangements in cell membrane permiability which result in upsets in the osmotic balance. The hypertrophic effect shown here was in no way a temporary increase in cell volume. Hypertrophy was persistent, lasting days to weeks post-irradiation. A simple explanation based on osmotic imbalance is, therefore, improbable. Furthermore, in all our measurements the non-saturable component wsa not affected by irradiation (Fig. 6) , implying that the functional integrity experimental flaws which did not arise out of ignorance but because of technical limitations. The measurements which were performed were tedious, demanding rapidity and a high grade of dexterity. Owing to the large numbers of measurementes which were involved, we decided to economize by measuring one batch of untreated cultures to establish a reference value which served as the control for the various series of experiments. Running controls were thus avoided. This short coming is noticeable in the results presented in Figs. 4, 5 and 6. The fluctuating deviations from the reference-range to which no significance may be accredited, are the result of inherent shifts. This shortcoming could have been elevated if running controls had been maintained throughout. The measured values could then have been normalized as a percentage of the control.
Defining Vmax
The maximal transfer rate, Vmax, of a carrier system may be expressed in terms of units of accumulated substance per number of HDF, per Cell space/volume or per unit area cell surface. Advantage was taken of all three possibilities and Vmax was worked out for cell numbers (nmoles/106 HDF x min.) and for unit cell surface (nmoles x 109/µm2 x min.). A comparison of the graphs for Vmax using the three different parameters revealed incongruities. The Vmax based on cell surface was retained and the other two discarded. The observed in congruity is attributed firstly to inherent heterogeneity in cell size in the HDF cultures (as was microscopically discernible) and secondly the reaction of HDF to irradiation. The cells constituting each culture comprised of cells of varying sizes. Cell number alone was, there fore, an unreliable parameter. As a reaction to irradiation, the cells hypertrophied (see Fig.  6b ), hence, cell volume or space was also unreliable. What was considered a constant criterium giving reproducibility of results was the cell surface. Even this parameter is, of course, not infallible as the calculations of unit area cell surface were based on the assumption that the detached cells formed smooth speres. Nevertheless, presenting Vmax in terms of cell sur face was the best of the evils. A further argument in favour of this (cell surface) is that the crux of the problem here was to test of the membrane with respect to permeability was main tained. As our assays were done with D-glucose and glycine, it is beyond the scope of these experiments to ascertain if permeability to ions remained unaffected. However , a cogent argument against any 'leakiness' of membranes is that measurements were continued several days to weeks post-irradition; during this time the hypertrophy was progressive, despite mem brane turnover. In a previous paper12) we reported on the D-glucose transport characteristics of senescent HDF. Interestingly, senescent HDF manifested an analogous increase in cell-size and, further, it was only at the terminal stage that Vmax showed a considerable decrease. The KM, on the other hand, remained consistently unaltered even when Vmax was reduced. In this case (senescent HDF) we had also suggested that the reduced transport capacity at tributed to lowered Vmax was possibly the result of either reduced density and/or availability of the protein carrier.
Immediate and Delayed Effects
The measurements on the transport capacity which were performed soon after irradia tion may be taken to be a direct evaluation of the effects of irradiation on the carrier . Di minished Vmax was observed only at the higher dose-range and has been discussed afore . When measurements were performed several days post-irradiation , it was presumed that the carrier under test was newly synthesized and that defects could arise only out of infidelity in some of the steps involved in protein synthesis and/or out of distrubances in the transport and assembly of newly synthesized membrane components. As the HDF irradiated at the higher dose-range could not be kept for longer than a few hours before they degenerated , measure ments were restricted to HDF from the lower dose-range (up to 100 Gy) . All assays revealed negative results. Despite the negative findings, the possibility that the synthetic apparatus might have incorporated defects is not fully excluded as the test system employed here might not have been sufficiently sensitive to detect minor changes in amino acid sequence . Any
